Abstract
Introduction

28
Since the term "reinforced earth" was introduced in the 1960s, a lot of research has been 29 done regarding to reinforced slopes or reinforced foundations. To have a better understanding 30 on how the reinforced earth performs, several researchers have been putting their efforts to 31 investigate the failure mechanism between soil and the reinforcement material, e.g., Schlosser 32 and Long (1974), Chang et al. (1977) , Vidal (1978) , and Juran et al. (1988) . For designing 33 purpose, some investigators, e.g., Siddiquee et al. (1999) , Deb et al. (2007) , and Chakraborty 34 and Kumar (2014), have performed numerical studies about the effects of parameters such as 35 burial depth or length of reinforcement on bearing capacity. On the other hand, researchers 36 such as Hung and Tatsuoka (1990) , Dash et al. (2001) , Wu (2003) , and Ghosh and Bera 37 (2005), conducted laboratory tests or field observations to investigate the effects of these 38 parameters on the performance of reinforced earth. However, most of these studies focused 39 on the bearing capacity of the reinforced foundation, and their model was based on limit 40 equilibrium method with Mohr-Coulomb failure criterion. 41
Since the stress-strain behavior of soils is inelastic and nonlinear, the conventional 42 elastic-plastic Mohr-Coulomb failure criterion may not model the nonlinear soil behavior3 adequately. Various kinds of Double-Yield model (e.g., Vermeer, 1978; Hsieh et al., 1990 ; 44
and Rudnicki, 2004) were proposed to improve the accuracy of simulation. Vermeer (1978) 45 established a double hardening model with additional volumetric yield surface to model the 46 behavior of loose sand. Hsieh et al. (1990) proposed an extended Cam-clay plasticity theory 47 and implemented it into a nonlinear finite element program to model the 48 stress-strain-time behavior of cohesive soils. Rudnicki (2004) used Double-Yield model with 49
an elliptic cap to predict the shear and compression band formation of sandstone. 50
In this paper, the loading behavior of reinforced strip footings was studied numerically 51 using a commercial Finite Difference program (FLAC) with a built in Double-Yield soil 52 model. The load-settlement curve of an unreinforced strip footing was simulated using both 53
Mohr-Coulomb failure criterion and the Double-Yield model. The simulated bearing 54 capacities were then compared with Terzaghi's solution. The effects of various designing 55 parameters, such as the depth of the reinforcement, the length of the reinforcement, the 56 number of layers and the distance between layers were also investigated. 57
Methodology
58
Drained triaxial test 59
In addition to the conventional Mohr-Coulomb failure criterion with strain softening/ 60 hardening model, the permanent volume changes caused by the application of isotropic 61 pressure are taken into account by including, a volumetric yield surface (or "cap") in the 62 Double-Yield Model of FLAC. To use this model, two additional material parameters and a 63 table are required:(1) the initial value of cap pressure, p c , which corresponds to the maximum 64 mean pressure that the material has experienced in the past; (2) the stiffness ratio, R, which 65 controls the slope of the stress-strain curve on volumetric unloading; and (3) the table 66 representation of the "hardening curve," which relates cap pressure, p c , to plastic volume 67 strain,  pv (Itasca, 2002) . 68
To obtain the parameters needed for the Double-Yield model, a series of multi-stage 69 drained triaxial tests were performed on remolded samples of a silty sand. The fine content 70 (passing through #200 sieves) of this silty sand is about 30%. The specimens were made by 71 mixing air-dried sand with water at a water content slightly higher than the liquid limit (about 72 28%). The mixture was then poured into a plastic consolidation tube which provides drainage 73 at both ends. A series of vertical stresses (13.7, 27.5, 54.9, 110 and 221 kPa, respectively) 74 were applied to consolidate the mixture. After being extruded out from the consolidation tube, 75 the specimen was set up in the triaxial cell and subjected to 3~4 cycles of loading-unloading 76 isotropic pressures to obtain the cap pressure (p c ) and stiffness ratio (R) needed for the 77 Double-Yield model. The specimens were then sheared to failure to obtain the table that 78 relates cap pressure (p c ) to plastic volume strain ( pv ). 79
Simulation of triaxial test 80
In order to verify the validity of the Double-Yield model, both the consolidation and5 shearing stages of triaxial test were simulated. Since the geometry of a triaxial test examines 82 axisymmetric problems, axial symmetric elements were used. To simulate the consolidation 83 stage, a uniform stress was applied on top, side and bottom surface of the mesh. On the other 84 hand, a constant rate of displacement was assigned to the grids on top surface to simulate the 85 vertical stress applied during shearing stage. The material properties of soil used in the 86 numerical simulation are summarized in Table 1 . 87
Simulation of reinforced strip footing 88
Plan-strain elements were used for soil to simulate loading behavior a strip footing with 89 a width of B. The mesh of this model is shown schematically in Fig. 1 . Cable elements were 90 used to simulate the reinforcement material. Cable elements in FLAC are one-dimensional 91 axial elements that may be anchored at a specific point in the grid (point-anchored), or 92 grouted so that the cable element develops forces along its length as the grid deforms. The 93 material properties of a geotextile reported by Lee and Lian (1998) are used in this study and 94 are summarized in Table 2 . A constant rate of deformation was assigned to the grids right 95 beneath the footing. Unbalance force of all grids was calculated and redistributed for a small 96 time step until it reaches equilibrium. The stress of the strip footing was obtained by 97 summing the nodal force in the vertical direction of grid points beneath the footing, then 98 divided by half the width of the footing. The simulation was first performed without 99 reinforcement using the traditional Mohr-Coulomb failure criterion and the Double-Yield6 model for soil. Simulated load-displacement curves and ultimate bearing capacity were then 101 compared with values calculated using Terzaghi's equation to verify the correctness of the 102 numerical model. Parameters, such as burial depth and length of reinforcement, number of 103 reinforcement layers and distance between layers were then varied to study the effects of 104 these parameters on the bearing capacity. 105
Results and Discussion
106
Drained triaxial test 107
As shown in Table 1 , a stiffness ratio (R) of 2.5 was obtained by averaging the 108 volumetric strain ratio ( from Specimen 1 were used to simulate the stress-strain curves of the other two specimens. 120
As shown in Fig. 4 , the simulated stress-strain curve of Specimen 1 ( 3 ' = 276 kPa) almost 121 follows the experimental curve exactly due to the fact that the parameters were obtained from 122 this specimen. Although not perfect, the difference between simulated and experimental 123 stress-strain curves for the other two specimens still seems acceptable. 124
The silty sand has a very small cohesion intercept and an effective friction angle of 125 about 36 degrees, a typical value for loose to medium sand. The stress-strain curves showed 126
in Fig. 4 exhibit the typical behavior of a loose to medium sand. It is thus concluded that the 127 Double-Yield model is suitable to simulate the loading behavior of reinforced footings on 128 loose sands. 129
Unreinforced strip footing 130
In order to verify the validity of the numerical model used in this paper, the ultimate 131 bearing capacity, q u , of a strip footing without any reinforcement obtained from numerical 132 simulation was compared with value calculated using Tezergahi's Equation: 133
For soil with a friction angle of 36 degrees, N  = 54.36 when it reaches general shear failure. 135
In the case of local shear failure, a reduced value of 9.41 is used for the modified Terzaghi's 136 bearing capacity factor N'  (Das, 2002) . 137
The simulated load-settlement cures of unreinforced strip footing using traditional To find out the optimum length of reinforcement, additional numerical simulations were 177 performed by keeping the burial depth of reinforcement material at a constant value of 0.5B 178 while the length of reinforcement, L, varies from 1~6B. The q-s/B curves for various L are 179 shown in Fig. 9 . The BCR vs. L/B at five different settlements is shown in Fig. 10 . From 180 these two figures, it can be seen that the bearing capacity of the strip footing was improved 181 by reinforcement. However, as discussed previously, the footing reaches its maximum 182 bearing capacity at a significant amount of settlement (s/B≈20%). Furthermore, the optimum 183 length of reinforcement material is about 5B. This value is a little higher than values (about 184
4B) reported by Dash et al. (2001). As mentioned before, the yielding zone of soils in the 185
Double-Yield model is wider and deeper. A higher value of optimum reinforcement length 186
can be expected. 187
The tensile force within the reinforcement material at different sections (see Fig. 11 for 188 section assignment) normalized to the width of the footing, L seg /B is shown in Fig. 12 . It can 189 be seen that the tensile force decreases rapidly from the center of the footing to L seg /B ≈ 2, 190 reduces to about 10% of maximum tensile force when L seg /B ≈ 5. This means that the 191 effective reinforcement length is about 5 times the footing width, and is in accord with the 192 optimum length of reinforcement mentioned above. Although the vertical stress induced by a 193 strip loading becomes less significant outside the loading zone, the failure zone of soils 194 intercepts the ground surface at a point far beyond B/2. Therefore, tension in thereinforcement layer mobilizes up to 5B can be expected. Lin (1997) and Gnanendran et al. 196 (2001) also reported similar trend. 197
Effectiveness of two reinforcement layers 198
The effectiveness of enhancing the strip footing with two reinforcement layers and its 199 optimum arrangement were also studied. As shown schematically in Fig. 13, two Table 3 . It can be seen from Table 3 that adding an extra layer of reinforcement can further 210 increases the BCR to about 2.0. However, extra length of the reinforcement material does not 211 help much, as long as they are longer than 4B. It is clear that two layers of reinforcement are 212 beneficial and arranging the two layers at the optimum reinforcement length and spacing is 213 more cost effective. 214
Comparison with laboratory model test 215
In order to validate the Double-Yield model used in this study, two of the experimental 216 tests (unreinforced and single layer of reinforcement with L=B and d=0.3B) conducted by 217
Hung and Tatsuoka (1990) were simulated with Mohr-Coulomb failure criterion and 218 Double-Yield model. The tests were performed using a rigid box with a dimension of 0.4 219 m-wide, 1.83 m-long, and 0.74 m-deep. Air-dried Toyoura sand were prepared with unit 220 weight  ranges between 15.3~15.6 kN/m 3 and peak friction angle  peak of 43~45 degrees.
221
Strips made of phosphor bronze, 0.5 mm-thick and 3 mm-wide, were used as reinforcement. 222
The Young's modulus of the phosphor bronze strips is 1.22×10 8 kN/m 2 . For a reinforcement 223 layer, 24 strips were used in the 0.4 m-wide sand box. 224
The material properties of soil and reinforcement used in the numerical simulation of 225 this study are shown in Table 4 and Table 5 , respectively. The shear modulus and bulk 226 modulus in Table 4 were calculated by using a Young's modulus, E, of 125.6 MPa and a 227
Poisson's ratio  = 0.3 for the Toyoura sand (Kotake et al., 2001 ). The dilation angle and 228 stiffness ratio were obtained from triaxial tests on Ottawa sand performed previously by the 229 authors. Each phosphor bronze strip has a cross-sectional area of 1.5×10 -6 m 2 . The equivalent 230 cross-sectional area of reinforcement in Table 5 
